The stress concentration near the interface edge of a film/substrate, which dominates the delamination, is analyzed by molecular dynamics (MD) analysis. Here, the film thickness is on the nanoscale and the interatomic interaction is simulated by Morse-type model potentials. Three types of load are applied to the film/substrate to examine the effect of the stress-concentrated region on the delamination at the interface edge. At lower applied load, the stress distribution along the interface near the edge in the MD simulation coincides well with that obtained by linear elastic analysis (FEM: Finite Element Method). However, after the stress near the edge reaches the ideal strength of the interface, it deviates from the FEM result. The delamination crack is initiated from the free edge when the stress at y < 1 nm (y: distance from the edge) reaches the ideal interface strength. This signifies the criterion of interface toughness that the delamination is governed by the stress in the region (process zone). This also suggests the limit of applicability of linear elastic fracture mechanics on the nanoscale components.
Introduction
Semiconductor devices, which consist of multilayered thin films, have many interfaces. Deformation mismatch of dissimilar materials causes a singular stress field near the interface edge (1) , (2) . The delamination due to the stress concentration brings about fatal malfunction in the device. The linear elastic fracture mechanics (LEFM) concept is utilized for the evaluation of the interface strength at the edge (3) , (4) . The size of a singular stress region near an interface edge is dependent on the film thickness (5) , (6) . The thinner the film, the smaller the stress-concentrated region becomes. In an advanced large scale integration (LSI) component where the thickness is in the order of 100 nm or less, the region size is on the submicron scale. In a future device, it is expected to be on the nanoscale. In such case, the applicability of the analysis based on the continuum approximation including the LEFM analysis is questionable.
On the other hand, atomic simulations can reproduce the fracture process in detail and examine the local stress distribution. Several attempts of atomic simulations have been carried out to analyze the interface strength (7) - (10) . However, the LEFM concept, the crack initiation at the interface edge due to the local stress concentration, has not been investigated.
In this study, atomic simulations on the delamination of the nanofilm at the interface edge are carried out to examine the LEFM concept.
Simulated Materials

1 Thin film and substrate
In atomic simulations, the mechanical properties of materials are governed by the potential energy between the atoms. Although the interactions can be accurately evaluated by quantum mechanics, the simulation requires enormous calculation capacity and cost. To simulate the behavior of a large number of atoms, a simple function is used as the interatomic potential, where the material constants are determined to reproduce the basic characteristics of atoms. We can simulate the general features of the phenomenon that we intend to analyze on the basis of the model potential of which the property is well known (11) . In this analysis, the Morse-type function is employed as the model potential to examine the properties of delamination from an interface edge.
Here, r αβ is the distance between atoms (atoms α and β)
and D, κ and r 0 are the material constants. The cutoff distance is 0.9 nm. The Morse-type function is used because ( 1 ) the elastic properties of the solid are well reproduced, ( 2 ) it is easy to control the elastic constants and the bonding strength between dissimilar materials by changing the parameters, ( 3 ) the local stress can be evaluated in atomic resolution, and ( 4 ) the calculation cost is markedly low due to its simplicity.
The simulation is conducted for a thin film of copper (Material 1) on a substrate of tungsten (Material 2) where the material constants of Eq. (1) are shown in Table 1 (12) . Here, copper and tungsten are often used as the interconnection and plug in an advanced LSI. The elastic and the lattice constants of the bulk materials, which are obtained by preliminary analysis, are shown in Table 2 . Here, the elastic constants C i jkl are calculated by the following equation (13) .
Here, V is the volume and r αβ i is the i-component of the vector from atoms α to β. Figure 1 shows the stress-strain curves of Materials 1 and 2 (ideal crystal). The strain components except ε zz are maintained at 0. The ideal strengths σ th 's (the maximum stress in the figure) are 31.7 GPa (Material 1) and 66.7 GPa (Material 2). 
2 Interface strength
The parameters for the interaction between the different species D 1−2 , κ 1−2 and r 01−2 are assumed as follows (14) .
, which governs the interface strength, is set at 1/10 of the geometrical mean of D 1 (Material 1) and D 2 (Material 2) to realize the brittle delamination from the interface edge. In some analyses, D 1−2 is set at 1/100 of the geometrical mean to examine the effect of the interface strength. In this study, the focus is put on the brittle delamination where the dislocation nucleation and glide do not take place before the delamination. In other words, the interface is weak in comparison with the film and the substrate. Before the delamination analysis, the ideal strength of the interface (the interface strength without an edge) is investigated by the tensile simulation of a cell with periodic boundary condition of x-and y-axes as shown in Fig. 2 . The (001) plane of each crystal is in the z direction. Taking into account the mismatch of lattice constant, the cell consists of 5 304 atoms (Material 1: 2 904 and Material 2: 2 400) and the sizes are 11a 1 × 11a 1 × 6a 1 (Material 1) and 10a 2 × 10a 2 × 6a 2 (Material 2). The two atom layers at the bottom are fixed, and the tensile load (z direction) is applied to the top two layers. The structure is relaxed in each stage by the molecular dynamics (MD) method, where the Verlet method is used to solve the inte- gral of the equation of motion (time step: ∆t = 5 fs). The momentums of all atoms are removed at every step so that the temperature is 0 K. Figure 3 shows the relationship between the normal stress σ zz and the interface strain ε zz which is calculated from the displacement between the bottom layer of Material 1 and the top layer of Material 2. It exhibits brittle fracture, and the maximum stress σ zzc (the ideal interface strength) is evaluated as 4.85 GPa. Because the strengths of Materials 1 and 2 are much higher than the interface strength, the component materials are in the range of linear elasticity up to the interface fracture. The work of adhesion W ad is evaluated as 0.861 J/m 2 . Preliminary analyses confirm that the results do not depend on the size of Materials 1 and 2.
Simulation Method of Delamination
1 Delamination simulation
The cell in Fig. 4 consists of 14 520 atoms of Material 1 (cell size: 11a 1 × 55a 1 × 6a 1 ) and 14 400 atoms of Material 2 (cell size: 10a 2 × 60a 2 × 6a 2 ). A periodic boundary condition is applied to the x direction. Here, the (010) and (001) planes of each crystal are in the y and z directions, respectively. The bottom two layers of Material 2 are fixed to reproduce the high stiffness of the substrate. Figure 6 shows the stress distribution along the interface obtained by the elastic analysis based on the continuum mechanics (section 3.3). The feature of stress concentration near the interface edge depends on the loading condition. The loading conditions of Models 1, 2 and 3 are selected to examine the effect of the stress-concentrated region on the delami- The structure is relaxed by the MD method (∆t = 5 fs). After the relaxation of 100 000 steps for the initial configuration, the increment of load is applied and it is relaxed for 10 000 steps. The delamination process is simulated by repeating the loading/relaxation process. In Models 1 and 2, the load increment is 1.0 × 10 −11 N per atom at the left edge. In Model 3, the incremental load is 1.0 × 10 −11 N per atom. The initial temperature at each stage is set at 0.1 K, and the rise in temperature is allowed up to 5 K for the acceleration of the convergence. The kinetic energy is removed at every 100 steps after 3 000 steps and at every step after 8 000 steps in each stage. The behavior just before and after the delamination is carefully examined by decreasing the incremental load and increasing the relaxation time.
Although the misfit dislocation exists in the interface, preliminary analyses clarified that it negligibly affects the delamination process in this case (brittle fracture). However, the effect must be investigated for the combination of materials with a large lattice mismatch.
2 Evaluation of local stress
Some methods for evaluating atomic stress are proposed (15) , (16) . In this analysis, the stress distribution along the interface is evaluated by the following equation (16) .
Here, A j is the area of a plane normal to the j-axis and s denotes all atom pairs which interact across the plane. This stress is the sum of the forces which act through a plane, and the definition is the most natural expansion of the stress in continuum mechanics. In this analysis, the small area shown in Fig. 7 is adopted for A j to calculate the local stress distribution near the interface edge. 
3 Stress analysis method based on continuum mechanics
The stress distribution along the interface is also calculated by a finite element method (FEM) assuming that the film/substrate is a combination of continuum bodies. The perfect bonding conditions are applied to the interface. Figure 8 shows the mesh division and the boundary conditions. The load corresponding to the loaded atoms is applied to the film/substrate.
Since the film and the substrate have the cubic crystal (fcc) structure, they have orthotropic anisotropy. In this case, the linear elastic analysis considering the anisotropy is carried out under the plane strain condition using the elastic constants of Table 2 . Figure 9 shows the distribution of normal stress σ zz along the interface and the snapshot of the atomic configuration before the loading. The average of σ zz over the interface is almost 0 although the distribution is not uniform. There is concentrated tensile stress at the interface edge, while a complementary compressive area exists in the region of 1 -3 nm from the ends. The highest value of σ zz is about 0.75 GPa which is about 1/6 of the ideal strength σ zzc of the interface. In the inner region away from the edge, tensile and compressive stress fields alter- Fig. 9 Stress distribution along the interface before the loading Fig. 10 Load-displacement curves nately appear due to the misfit of the lattice constant. Figure 10 shows the relationships between the load P (per atom) applied to the atoms at the edge of the top layer in Material 1 and its displacement δ in the z direction. δ increases almost proportionally with P, and a slight nonlinear behavior is observed before the rapid increase in δ. Figure 11 shows snapshots just before and after the rapid increase in δ. When the delamination takes place, no structural changes are observed. Figure 12 (a) shows the normal stress distribution evaluated by Eq. (6) along the interface in Model 1 at several load levels. The stress calculated by the FEM analysis is also shown by the broken line. At lower applied load, the atomic stress distribution coincides well with the FEM solution although there is fluctuation in the atomic stress. Delamination does not take place at the load when the local stress at the interface edge reaches the ideal inter- Fig. 3 ). The stress near the interface edge then does not increase and the area with the stress of σ zzc extends. The delamination takes place when the stress of several atoms reaches σ zzc . In other words, the distribution of atomic stress deviates from that evaluated by the FEM after the stress at the edge reaches the ideal strength. Similar behavior is obtained for Models 2 and 3 as shown in Fig. 12 (b) and (c), respectively.
Results and Discussion
1 Delamination from interface edge
2 Delamination criterion and linear elastic fracture mechanics
Although it is reported (17) that a crack propagates when the atomic stress at the crack tip reaches the ideal strength, we cannot observe such behavior in the initiation of the interface crack. Figure 13 shows the distributions of normal stress σ zz near the interface edge at the delamination in Models 1 -3. Six atoms from the interface edge in all models possess the critical stress, σ zzc ≈ 4 -5 GPa, while the distributions outside the region are different. These indicate that (1) the delamination is governed by the stress field of the six atoms (about 1 nm) and (2) the criterion is given by the ideal strength σ zzc in this region. In the model shown in Fig. 2 where the interface stress is uniform, the delamination occurs at the moment when the stress reaches the ideal strength. However, the stress of the inside atoms is still lower when the stress at the edge reaches σ zzc in the interface edge model. Therefore, the load can be sustained by the inside atoms, so that the interface is still durable.
The fracture mechanics parameter (3) , (4) will be valid when the process zone is sufficiently smaller than the region dominated by the singular stress field. In the models analyzed, the size of the region is about 1 nm. This is almost equal to the region where the stress deviates from the FEM results as shown in Fig. 13 . This signifies that the LEFM concept cannot be applied to the delamination of nanofilms, even if the fracture is brittle. In contrast, the LEFM concept becomes valid for the film with the thickness of 10 -100 nm since the process zone (≈ 1 nm) is relatively small. It should be noted that the difference between the atomic stress and the stress in the continuum mechanics is mainly attributed to the nonlinearity (ref. Fig. 3 ) of the deformation at the interface. Taking into account the nonlinear characteristic (including the broken line in Fig. 3 ) at the interface between Materials 1 and 2, it is possible to discuss the stress on the basis of the continuum mechanics. However, as there are no atoms in the interface, the physical meaning of the analysis is questionable. Figure 14 shows the distributions of normal stress σ zz at the delamination for the models where the interface strength is set at 1/10 of the previous simulation. This shows a similar process to that shown in the previous section, while the ideal interface strength becomes 1/10. The size of the process zone where σ zz ≈ σ zzc tends to be larger.
3 Effect of interface adhesion
Conclusions
Atomic simulations using the Morse-type model potential, where the size of the stress concentrated region near the interface edge is different, are conducted to examine the delamination criterion from the edge along the interface of the nanofilm/substrate. The results obtained are summarized as follows:
( 1 ) When the applied load is low, the stress distribution along the interface evaluated on the basis of local stress between atoms (Eq. (6)) agrees well with that evaluated by the FEM on the basis of continuum mechanics.
( 2 ) After the stress near the interface edge reaches the ideal strength of the interface σ zzc , the stress near the edge does not increase and the area with the stress of σ zzc extends.
( 3 ) The delamination crack is initiated from the free edge when the stress at y < 1 nm reaches the ideal interface strength σ zzc (criterion) in all simulations.
( 4 ) The LEFM concept cannot be applied to the delamination of nanofilms, even if the fracture is brittle. In contrast, it becomes valid for the film with the thickness of 10 -100 nm since the process zone (≈ 1 nm) is relatively small.
